In this paper we describe an ongoing project where the goal is to develop competence and confidence among chemistry faculty so they are able to utilize computational chemistry as an effective teaching tool. Advances in hardware and software have made research-grade tools readily available to the academic community. Training is required so that faculty can take full advantage of this technology, begin to transform the educational landscape, and attract more students to the study of science.
INTRODUCTION
The majority of today's students are technologically savvy and are often more comfortable using computers than the faculty who teach them. In order to harness the student's interest in technology and begin to use it as an educational tool, most faculty members require some level of instruction and training. Because chemistry research increasingly utilizes computation as an important tool, our approach to chemistry education should reflect this. The ability of computer technology to visualize and manipulate objects on an atomic scale can be a powerful tool to increase both student interest in chemistry as well as their level of understanding.
Computational Chemistry for Chemistry Educators (CCCE) is a project that seeks to provide faculty the necessary knowledge, experience, and technology access so that they can begin to design and incorporate computational approaches in the courses they teach. We also work from the viewpoint that technology should enhance the educational experience and allow teaching of concepts in new and more effective ways. In other words, just because something can be done computationally does not necessarily mean that it should be. This project takes a broad view of what computational chemistry entails. In addition to molecular modeling, the general use of computer technology to demonstrate and help students learn chemical principles is included. This includes visualization, animation, data manipulation and graphing, system dynamics software, computer algebra systems, etc.
DESCRIPTION
Initial planning for a one week workshop that would provide hands-on instruction in the use of molecular modeling software began in 2002 with support from the Shodor Education Foundation through the National Computational Science Institute (NCSI) program, a project supported in large part by the National Science Foundation (NSF). 1 Each session consists of a lecture followed by hands-on computer exercises that illustrate the lecture concepts. 5 These sessions provide the participants with sufficient breadth and depth so that by the end of the week they are able to choose an appropriate theoretical model chemistry and basis set, and also know how to set up, perform, and interpret calculations. Participants are not expected to become expert quantum chemists! This is not the goal of the workshop. We seek to provide faculty with a level of molecular modeling knowledge so that they can competently use the tool and have confidence in the results of their calculations. In particular, we hope that the participants are able to answer the following questions after the workshop: a) What do I want to know about a molecular or ionic system? b) How accurately do I need to know it? c) How long am I willing to wait for the answer to be computed? d) What software/hardware can I use to accomplish the task?
The answers to the above questions then dictate the possible computational approaches that should be used. The level of knowledge the participants should gain is similar to that of many modern spectroscopic techniques that are regularly employed by chemists. One does not need to be an expert in the mathematics and quantum mechanics involved in nuclear magnetic resonance (NMR) spectroscopy to be able to correctly interpret the results of NMR experiments. However, we believe that the user should also be beyond the "black box" level of understanding, and have a firm grasp of what a given technique can or cannot do. We believe that the topics are addressed in sufficient detail for the participants to attain the desired level of expertise.
In addition to the molecular modeling-focused topics, a session on chemical kinetics is included. Spreadsheet-based activities are incorporated, but the main hands-on portion of the exercise is based on systems dynamics software 6 with which many faculty members are unfamiliar. We also mention computer algebra systems (Mathcad, Matlab, Mathematica, etc.) and include example code so that those with access to one of these programs could begin to build their own chemical kinetics model.
Other non-molecular modeling sessions focus on free or low-cost software, browser plug-ins such as molecular viewers, and online repositories of information that have proven useful for educational purposes. These sessions are either hands-on or demonstrations that explore the use of each resource. Workshop participants apply their new knowledge as they begin to develop a case study that they will use in a course that they regularly teach. Time to work on the case study is included in the daily workshop schedule.
The workshop culminates with presentations of these case studies on the final day. Some of the developed case studies are appropriate for use during several minutes of lecture time, while others are designed to occupy several hours during a laboratory period. Many of these projects focus on the use of computation to teach old topics in a new (and hopefully, more effective) manner. Others introduce students to molecular modeling and instruct students on how to build molecules, perform calculations, and interpret their own results. Some are designed as homework assignments that students complete outside of class on their own time. One very effective educational approach is to use a series of computations to provide results that the students then must interpret, identify trends, and make sense of the trend using the knowledge of chemistry that they have gained to that point. This discovery-mode of learning can help students to understand and retain the information more effectively. 7 Other week-long workshops have been developed and taught at both the Introductory and Advanced levels. Introductory workshops place less emphasis on molecular modeling and focus more on the other topics mentioned. The Advanced workshops cover molecular modeling subjects of interest to the attendees in more detail and provide additional time for collaboration among the attendees to develop classroom materials.
A number of shorter workshops have also been provided. These range from half-day sessions at local and regional ACS meetings 8 or Supercomputing Education Program events 9 to full-or multiple-day sessions arranged with individual institutions.
RESULTS

Workshops
Since 2002, the week-long molecular modeling workshop has been taught eight times with ~165 attendees. Advanced and Introductory workshops have been taught twice each with a total of ~60 participants. Thirteen shorter workshops that cover the basics of molecular modeling and other topics have also been held with over 200 participants attending. Computational chemistry has also been included as a major part of an ongoing high school teacher development project in Illinois with over 120 participants. 10 Over the past seven years, the CCCE project has thus reached well over 500 college faculty and high school teachers. We hope to continue our work and further increase these numbers.
Workshop participants and instructors are active in presenting their work at various professional meetings 11 and in appropriate journals.
12 This is an expected outcome of workshop attendance and we hope that the current journal will become a popular venue for sharing successful activities.
Teaching these workshops has led the authors to initiate new courses at their own institutions. 
Workshop Assessment
Each workshop was evaluated using three different types of anonymous on-line evaluation forms. A pre-workshop survey identified the level of current knowledge and available resources before the workshop began. Daily evaluations helped the instructors determine participant progress and provided sessionspecific feedback. A post-workshop survey evaluated overall advancement in knowledge and gave an indication of the level of competence and confidence in using computational tools that the participants had gained. The above results combined with verbal and e-mail comments made by participants during and following the workshops indicate substantial gains in both knowledge and confidence for using computational approaches in the classroom.
Related Accomplishments
The authors have also become involved in several related projects. UNChem is an online chemistry fundamentals review course 13 designed for students who will begin freshman chemistry. The site is being reviewed and updated. Many of the resources used in the CCCE workshops will be incorporated into the materials. The Computational Science Education Reference Desk (CSERD), 14 a Pathways project of the National Science Digital Library 15 and funded by the NSF, aims to help students learn about computational science and to help teachers incorporate it into the classroom. The authors and workshop attendees have edited and reviewed much of the chemistry content of CSERD.
A very useful workshop product has been the CCCE web site available at: http://www.computationalscience.org/ccce/. The site currently houses the molecular modeling workshop lecture and laboratory materials, a reference book list, a link to a glossary of computational chemistry terms, and links to other chemistry resources. Site visitors most often utilize the Labs link (shown on the next page) which has a matrix of ten molecular modeling topics that have been translated into exercises that can be performed with seven different popular molecular modeling programs. The exercises contain scaffolded instructions which, when followed in sequence, teach the user how to effectively use the software package and to also gain experience with different computational methods. Also included are instructions in the use of spreadsheets, computer algebra software, and systems dynamics programs for the modeling of chemical kinetics.
In the fall of 2009, Computational Chemistry for Chemistry Educators was awarded the Undergraduate Computational Engineering and Science (UCES) Award. This award program was created to promote and enhance undergraduate education in computational engineering and science and encourages further development of innovative educational resources and programs, recognizes the achievements of CES educators, and disseminates educational material and ideas to the broad scientific and engineering undergraduate community. The UCES Awards Program is funded by the Department of Energy and administered by the Krell Institute. 
Technology
The first several years of the CCCE program used PC-based molecular modeling software, such as CAChe, 17 Spartan, 18 Hyperchem, 19 or PC Model 20 for all hands-on exercises. This approach necessitated loading (and troubleshooting) many programs and license files on multiple machines. In order for participants to have software to work with when they returned to their home institution, a mini-grant program was used where participants would apply for funds to cover the cost of a software package, a computer RAM or HD upgrade, plus a few books. In 2006 we began to use WebMO 21 which is a server-based GUI that allows drawing molecules, setting up and submitting jobs, and visualizing the results. The WebMO software interfaces to computational engines such as MOPAC, 22 Gaussian, 23 Tinker, 24 and NWChem. 25 The switch to a server-based system greatly reduced the individual computer set-up time and also allows participants to have continued access to their files following the workshop. This thin client model also makes it easy to provide the students of our workshop participants with access to the software as well. It is, after all, the students and their learning outcomes that we want to promote.
FUTURE WORK
As individual software packages undergo periodic updates, the exercise instructions provided on the CCCE site must be changed. A new and improved version of the site is being developed and will include new instructions where needed, along with desktopcapture video instructions on using different software programs. We also hope to replace the current, static lecture materials with information that is more interactive and includes some video and voiceover.
For the past eight years, a main thrust of CCCE has been focused on electronic structure calculations for single molecules. This focus is largely a result of the hardware and software that has been readily available. Our move to the use of server-based WebMO removes some of the hardware constraints and allows us to begin planning for the inclusion of more reaction dynamics and molecular dynamics calculations and exercises. The workshops currently use the Odyssey software package 26 for molecular dynamics exercises. While this package is quite useful for educational purposes, it is a commercial product and many workshop attendees cannot afford it. Researchers use molecular dynamics programs such as freely available GROMACS 27 and NAMD. 28 To extend the CCCE model in this direction will require a GUI, several of which are available, 29 and hardware on which to perform the simulations. Work to provide these resources in ongoing. As ever-larger computing resources come online, such as the Blue Waters petascale machine, 30 CCCE hopes to assist faculty and teachers in learning how to use these systems in a scientifically sound and educationally productive manner. It is incumbent upon the educators of today to motivate and train our students to become the scientists of tomorrow. Computational modeling can help interest more students in science and also provide the skills our graduates will need to harness the power of future computer technology.
